Introduction

34
Hemispherical imagery is commonly used to assist in the assessment of radiation 35 budgets. Examples of use include below tree canopies, in urban areas or within 36 riverine environments (Hall et al., 2017; Liu et al., 2015; Chapman, 2007; Chapman 37 et al; 2007; Bréda, 2003; Ringold et al., 2003; Watson and Johnson, 1987) . Imagery 38 is usually obtained using a camera equipped with a fisheye lens ( Figure 1a ) which 39 allows the camera to take an approx. 180˚ hemispherical image (Liu et al., 2015;  visible sky shown in the image (known as the sky-view factor). This can then be used 42 in forestry research to quantify the health of a tree and to compare differences 43 between tree canopies (Schwalbe et al., 2009; Leblanc et al., 2005 Jonckheere et al. 44 2004 . The use of fisheye imagery for this application can be dated back to the early work of 50 Anderson (1964), but it was the advent of digital photography which saw the 51 approach become widely adopted. Following a number of scoping studies, which 52 successfully compared results obtained from film cameras to the new generation of 53 digital cameras (Englund et al. 2000; Frazer et al. 2001; Hale and Edwards, 2002) , 54 the new technology quickly became adopted by the scientific community. Chianucci et al. 2016; Lang et al., 2010; Chapman, 2007; Zhang et al., 2005; Baret and Agroparc, 2004; Ishida, 2004) . Indeed, whilst research into hemispherical 60 imagery has also been conducted using alternative cameras and equipment ( Danson et al.,
2007
A Nikon 4500 was used as a comparison to terrestrial laser scanning.
Adaption or calibration of Nikon cameras
Chapman,
2007
Adapted a Nikon 4500 camera to make in near infra-red in order to better estimate sky-view factors and the woody bark index of tree canopies.
Baret, & Agroparc, 2004
Used a Nikon 4500 in order to determine the optical centre of an image using a fisheye lens.
Ishida, 2004
Created threshold software for colour images from a Nikon 950 camera. A range of available fisheye lenses were tested for distortions (Table 3 ). In this initial 124 test, the fisheye lenses were clipped onto a Samsung Galaxy S5 Neo (Figure 1 however has a lower FOV then reported and high levels of distortion ( Figure 3 ).
146
Conversely, the 234˚ fisheye lens (Figure 2e ) has a high FOV however has high 147 levels of distortion, especially at high radial distances (Figure 3 ). Based on these 148 analyses, the 185˚ fisheye lens was chosen for further investigation. 
Distortion Analysis
176
As hemispherical imagery is mostly used in the analysis of tree canopies, the loss of 177 information at ground level (i.e. high radial distances) is less of a concern. It is at Figure 7) , divided into concentric annuli before calculating the number of white Pixels 210 (sky) in each annulus and summed (Holmer et al. 2001; Johnson and Watson, 1984;  
Conclusions
236
The Nikon Coolpix camera range has provided a reliable 'standard' solution for 237 obtaining hemispherical fisheye imagery for many years. However, whilst still fit for 238 purpose, an alternative is needed to ensure a sustainable means of data collection 239 moving forward. This paper has shown that comparable results can be provided with 240 a low-cost image collection system using readily available components.
241
The Pi NoIR camera provides an off-the-shelf NIR solution, making it perfect for use 242 in forested environments and thus removing the need for further adaptation (i.e. is needed to adapt the Raspberry Pi to make the sensor usable in the field; this 251 includes waterproofing the technology and testing the equipment at various 252 temperature ranges. A limitation of this study is that the technology was not tested 253 for interference from electronic or radio waves.
